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ABSTRACT

Theoretical studies concerning the mechanics of penetration and

perforation of a snow covered Arctic sea ice sheet subjected to

projectile impact were performed,

Penetration problems were treated by a deep penetration theory

based on dynamic spherical cavity expansion analysis. In particular,

finite compactibility and permanent deformation of both the snow and

sea ice target materials were token into account by assuming a locking

approximation for behavior under hydrostatic stress, and response as an

elastic-plastic, linear strain hardening solid under shear stress,

Perforation problems were treated with the aid of a two-dimensional,

large deformation, dynamic, elastic-plastic computer code (CANDIA CODE)

which was developed in a previous investigation. Specifically, axi-

symmetric, dynamic stress distributions were studied under conditions of

impact at normal incidence for a cylindrical blunt end projectile and a

sea ice target slab. A capability for considering perforation problems

where fracture in the sea ice target material occurs was developed. In

this connection, the redistributions of both tensile and shear stresses

that accompany propagating fracture surfaces were acknowledged. The

program was also modified to provide projectile deceleration loads

during the perforation process, and subroutines were created to treat

multilayer ice slabs and thereby accommodate effects contributed by

overlying snow cover and the underlying mushy sea ice skeleton layer.
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SYMBOLS

A - cross-section area of projectile

a - radius of spherical cavity, see Fig. 3

B , B - constants related to dynamic pressure, see
2 Eq. 111-34

b - radius of spherical shock front, see Fig. 3

C - constant of integration0

C , C - constants related to dynamic pressure, see
2 Eq. 111-77

D - diameter of projectile

E - modulus of elasticity (Young's modulus)

E - tangent modulus for linear strain-hardeningt

f - limit of integration, see Eqs. 111-8, 111-41

f(t), g(t) - functions of integration

k - radius of elastic-plastic spherical shock front,

s-e Fig. 5

M - mass of projectile

n - summation exponent

P - static pressure term given by Eq. 111-52
I

P - static pressure term given by Eq. 111-72II

p - static pressure term given by Eq. 111-34

p(t) - dynamic pressure applied to spherical cavity

surface as a function of time
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q, q, q - depth, velocity, and acceleration, respectively,
of projectile in target material

qos - depth of projectile penetration at transition
point, qos = R

qt -final penetration depth of projectile

R - depth of snow-ice interface at transition

point of projectile penetration process,

see Fig. 2

R - depth of snow cover, see Fig. 1
0

r - radial coordinate

r# - dummy variable of integration

t - time

V - velocity of projectile after completion ofo
shallow penetration phase, assumed equal to

impact velocity

v - outward particle velocity in radial direction

Vos - projectile velocity at transition point, equal

to impact velocity for second phase of

penetration

x - nondimensional quantity, x =

Y - yield stress

y - nondimensional quantity, y = 1/x

- ice parameter given by ot = -
p p

parameter given by e = - e

p p
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- snow parameter given 
by s = 1 - 0

30 
aPCY - parameter given by a = - s /

- paramoeter given by a 
="=-

S 
Cc

£ - material parameter for ice given by B -
2E 3

0 - material parameter for snow given by 0 5 S
s s 2E 3s

C - small quantity in the mathematical sense

AL, C - lo&:ing strain, = - £

e , e - normal strains in radial and circumferential
r

directions, respectively

r 8 normal strain rates in radial and circumferential
directions, respectively

~n

- series expression given by Le = -
n=l nP

- equatorial spherical coordinate

- nondimensional quantity, = r/a
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p - density of target material

P - locking density of target material

Cr' o - normal stresses in radial and circumferential
directions, respectively

Subscripts

p - refers to locked plastic region in sea ice

o - refers to initial values and/or stress-free region

s - refers to snow region

I - refers to ice region

1, 2 - initial and final states, respectively, of a
hydrostatic compression process
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I INTRODUCTION

This report presents the final results of a comprehensive, long

term investigation concerning the penetration and perforation* behavior

of Arctic sea ice subjected to impact by inert projectiles. The impor-

tance of these engineering problems to the Arctic Antisubmarine Warfare

Program has been described in three reports under the present title

issued during November 1965, 1 ** May 1967,2 and September 1969.3 The

last report contained a complete summary of work performed and progress

achieved up to that date; therefore, the topic is not considered anew.

However, it is noted briefly that two important analytical

procedures for treating projectile-sea ice interaction problems were

developed after completion of the second study. As described in the

last report, these efforts included the realization of a large defor-

mation, elastic-plastic, artificial viscosity type computer program

(CANDIA CODE) which could be used to solve a wide variety of axisymmetric,

two-dimensional, dynamic, and/or impact problems,4 ,5 ,6'7'8 and a large

deformation deep penetration theory for analyzing projectile motion in

compactible media. 9,
10 ,1 1,12

Even though it was possible to derive a substantial body of

information by applying these procedures to Arctic sea ice perforation

* For the purpose of this study, penetration can be defined as ,he

entrance of a projectile into a target or ice cover without com-

pleting its passage through the body, whereas perforation implies the
complete piercing of the target slab or ice cover by the projectile.

** Superscript numbers refer to references which are collected at the

end of this report.



and penetration problems, it was recognized that further improvements

were still required for practical application of the theoretical work.

For example, perforation of an Arctic sea ice cover by an impacting

projectile creates fracture surfaces in the target material, and it is

the resultant geometry of this process that describes both the mode of

perforation and the associated value of critical impact velocity.*

Moreover, important redistributions of stresses occur when fracture

surfaces develop, and these changes affect both the failure phenomenon

itself and the magnitudes of stress experienced by the impacting pro-

jectile. In this connection, the previous version of the code was

capable of providing complete descriptions of both stress and defor-

mation fields in the impacting bodies. It remained to postulate suitable

failure criteria and expected crack propagation paths to define the

global fracture pattern and the mechanism of projectile transit through

the sea ice cover.

In consequence of the present work, it is possible now to track the

actual failure configuration as a function of time after initial impact,

and to acknowledge that the complement of both shear and cleavage frac-

ture surface propagation paths is being influenced continuously by the

developing fracture process.

On the other hand, the previous deep penetration theory was limited

in application to homogeneous, isotropic media and thus was not suitable

for cases involving a snow covered Arctic ice sheet. To correct this

shortcoming, present research efforts were directed toward realization of

a multilayer deep penetration theory to treat the practical projectile

* Critical velocity is defined as the minimum or threshold impact

velocity for complete penetration, i.e., perforation.
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penetration problem characterized by a two-layer, snow-ice target

material. This work can be employed to obtain penetration performance

curves for projectiles deployed in a typical Arctic environment.

In sum, these connected analyses (namely, direct treatment of the

dynamic fracture problem and synthesis of a multilayer, large deformation,

deep penetration theory) constitute the basis of this investigation.

However, in addition to these studies a subsidiary effort concerning the

determination of maximum deceleration loads experienced by a projectile

during the sea ice perforation process was carried out. Unfortunately,

numerical calculations for both of these problems could not be carried

out due to a lack of funds for computer runs. Therefore, the significance

of present developments as applied to the design and development of naval

weapons for Arctic application could not be examined.

3



II MECHANICS OF FRACTURE

The work accomplished was concentrated on modifying and restructuring

the CANDIA CODE to enable theoretical analysis of problems where fracture

of the ice slab occurs. This phenomenon engenders redistributions of

stresses in the target material, and accompanying effects in the magni-

tude and distributions of loads sustained by the impacting projectile.

Thus, from an overall viewpoint, these efforts were directed toward the

transformation of a computer code employed previously as a research tool

to a working code which can be utilized to perform engineering design

and development calculations.

To sustain these particular goals and to treat the fracture problem

in sea ice, per se, it was necessary to recast the code so that problems

characterized by greater numbers of variables and finer finite-difference

calculation mesh networks could be accommodated. For example, in initial

format the code considered sea ice to be homogeneous and isotropic,

whereas, in fact, this material is strongly anisotropic and inhomogeneous.

Consequently, introduction of this more advanced description of material

composition would furnish a demand for increase in the number of input

variables that are needed for numerical calculation. Moreover, greater

machine storage and capability were also required because a developing

fracture surface submits many more mesh points of importance into the

calculation process. To overcome these difficulties, the entire CANDIA
3

CODE, as listed and flow-charted in the last comprehensive report, was

restructured to eliminate its dependence on high speed core memory

storage. As a result, the code in its present format can be employed to

take advantage of random access disc storage.

Preceding page blank
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At this time, the entire code exists on disc in precompiled form

which is compatible with all electronic data processing equipment based

on the FORTRAN language. As such, the code gains advantage in capabil-

ity and versatility by employing fixed or consistent amounts of high

speed core storage with a random access interface.

Briefly, advantages of the new disc format are:

* Capacity increased; that is, problems characterized

by greater numbers of intrinsic variables and re-

quiring finer mesh works for calculation purposes

can be treated. The fracture problem in sea ice
falls within this definition.

* Convenience increased; that is, ease of working
with the code has been considered. For instance,

the code is transcribed presently on one disc pack
in lieu of multiple racks of perforated cards.

* Versatility increased; that is, interrupted
calculations can be performed so that when a
computation procedure is stopped intermittently
it is no longer necessary to resume calculations
from the initial, or zero, input state. Instead,
numerical treatment can be restarted from the pre-

vious termination point. In this manner, and with
particular relevance to the fracture problem, an

analysis can be intercepted to focus attention on
the development of a propagating fracture surface
and the attendant stresses in plastic zones

surrounding a crack tip.

0 Information display possibilities increased; that
is, direct computer readout is feasible to furnish
continuing computer code output by means of cathode

ray terminals. Thus, it becomes practical to take
movies of progressive display patterns and thereby
indicate visually the continuing propagation of
fracture surfaces and ancillary stress redistri-

butions in both target material and impacting

projectile.

With restructuring and modification of the computer code effected,

it was possible to attack the fracture problem directly. However, in

6



this case it was acknowledged first that the treatment of stress redis-

tributions due to developing fracture surfaces would be closely coupled

to the states of stress existing on free surface boundaries such that

the proper numerical treatment of boundary conditions themselves would

be an utmost necessity. In this connectioa, it was pointed out in Ref. 3

that many large deformation elastic-plastic computer codes currently in

existence were founded on incorrect boundary condition formulations.

Thus, an appendix was included in the report containing a lengthy deri-

vation for the true treatment of these boundary conditions. Because

thiz development was somewhat unwieldy in the form presented, consider-

able effort was expended during the current period in rewriting a more

concise and simplified algorithm for this aspect of the problem.

Once this task was completed, it was possible to create an

additional algorithm to treat the fracture problem itself. In this

case, the algorithm was founded on the development of a point condition

code which enabled integer point condition values to be associated with

different characteristic free surface points on nodal intersections in

the finite difference network. For example, individual point values

were ascribed with concomitant subroutines to represent lateral and

transverse free surface points, interior fracture surface points, and

corner points on both target and projectile. As a result, point con-

dition changes could be related to responsive subroutines in correspon-

dence with physical transformations of both impacting bodies. Conse-

quently, it is possible now to track in the computer both current

boundary states and conditions, as well as emerging and propagating

fracture surfaces.

Use was then made of the modified boundary condition and fracture

algorithms to treat the shear fracture problem encountered when a blunt

or hemispherical nose projectile experiences initial penetration in a

target material. In this case, it was known from previous experimental,

7



field test, and theoretical studies that, due to the anisotropic nature

of a sea ice target material, initial fracture under these impact con-

ditions would occur in the shear mode along a -normal stress planes in
zz

the vertical direction.*

With the shear fracture phase of the overall perforation process

accounted for, work progressed toward realization of a fracture algorithm

to describe failure surface propagation under tensile principal stresses.

The important difficulty overcome in treating this problem was that frac-

ture does not occur necessarily along a mesh direction.** Therefore,

there remained the burden of outlining and defining not only the stress

redistributions at incipient fracture but the directions of the fracture

planes themselves.

In this context, a method of approach was devised and implemented in

the present version of the code. Specifically, all components of the aij

* Fracture configurations in the shear mode are initiated upon projectile

impact at normal incidence because, for a blunt penetrator, regions of

intense shear stress are generated around the projectile periphery.

Moreover, laboratory experiments and field test results, as well as

theoretical calculations (CANDIA CODE), indicate that continued shear

penetration and concomitant fracture patterns are engendered in the

sea ice slab until penetration depths of the order of 70-807 sea ice

sheet thickness are achieved. At this point, it is recognized that

shear stress magnitudes fall off and that further fracture and ultimate

perforation are the result of sea ice failure under tensile stress. In

sum, complete penetration is obtained through a composite process char-

acterized by initial failure due to shear and terminal failure as a

result of tensile or cleavage fracture. Consequently, ultimate perfo-

ration results in the ejection of a cylindrical-conical shear plug of

target material by the impacting body.

** In this connection, the orientations of component segments of a

developing tensile fracture surface are related directly to the

magnitudes and directions of local principal stresses, which them-

selves are dependent variables of the problem in question. Thus,

developing cleavage fracture surfaces do not correspond necessarily

in spatial alignment and configuration to the postulated geometry of

the mesh network employed for finite-difference calculations.

8



stress tensor are determined at the center point of a given area segment

in a mesh network. Knowing these quantities enables the three principal

stresses to be determined, whereupon a test is performed to isolate any

possibility that the shear stress component of the total stress teisor

violates the allowable shear failure stress of the target materj4l.

Assuming this is not the case and that shear fracture does not develop,

then the calculation sequence is pursued further by comparing the maximum

principal stress value with the allowable failure stress in uniaxial

tension. If the former quantity exceeds the latter, it can be assumed

(i.e., at least for an elastic brittle material such as freshwater ice)

that fracture occurs over the mesh section of interest. Then, spatial

orientation of the fracture surface segment is obtained by considering

the cleavage plane to be orthogonal to the direction of the maximum

principal stress component.

Thus, knowledge of the magnitudes and directions of principal stress

quantities at a central point in the mesh section enables the prediction

of fracture likelihood and resultant local failure surface geometry to be

made. Once fracture occurs over a mesh section, it is necessary to pos-

tulate free surface boundary conditions which provide a zero traction

state over the developing area of material separation. Then, the physi-

cal situation at the failed mesh section must be rechecked at each and

every time step of succeeding numerical calculation to determine whether

changes in external loading and/or internal stress state have resulted in

subjecting the mutual fracture surfaces to closure and compressive

pressure. If this turns out to be the case, free surface boundary con-

ditions are stricken and appropriate interface conditions substituted in

their place. Finally, at the conclusion of each calculation time step,

a locus or contour is passed through all of the individual fracture sur-

face segments to indicate instantaneous states of the composite failure

pattern developed in the target material subjected to projectile impact.

9



III MECHANICS OF PENETRATI ON

In addition to continuing research in the fracture problem, efforts

were devoted to realizing a theory for the deep penetration of projec-

tiles in multilayered media such as a snow covered Arctic sea ice

13,14,15
sheet. Solutions of the dee penetration problem for a single

layer, homogeneous, isotropic sea ice cover have been obtained already,

and their formulation and development were presented in a recently issued

3
comprehensive report. Fortunately, most of this previous work was

applicable directly to the multilayered penetration problem; thus, the

compounding of a tractable theory applicable to projectile-sea ice inter-

action problems for a more complicated target material did not offer

substantial difficulty.

In this case, continued use was made of the two most important

conceptual fundamentals upon which the previous theory was based. These

are: first, that transformation of the deep penetration problem itself

can be effected successfully to yield a problem concerned with dynamic

stress distributions in an infinite solid that contains a spherical

cavity subjected to step input in pressure*, and, second, that the dynamic

constitutive behavior of compactibic materials such as Arctic sea ice

and snow can be represented satisfactorily by assuming an idealized

locking approximation for Rankine-Hugoniot material behavior under

hydrostatic compressive stress.

* This metamorphosis is founded specifically on the assumption that dy-

namic pressure experienced by a penetrating projectile at its stagnation

point is comparable by reason of symmetry to the similar pressure quan-

tity which exists at the surface of a dynamic expandirg spherical cavity.

A corollary assumption enables an expression for the complete force

resisting continued penetration to be established by postulating that

the spatial variation of pressure over the frontal portion of the

projectile can be represented by a simple cosine relationship.1 -

11
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Both of these arguments were invoked to resolve the multilayer

penetration problem. In particular, a systematic approach was devised to

recast the two-layer target configuration into the form of an idealized

infinite body that included a spherical cavity surrounded by two concen-

tric spherical regions of material having the relevant physical and

mechanical properties of Arctic snow and sea ice. Then, the dynamic

spherical expansion problem was worked through again for the composite

material configuration. This task demanded relatively more complicated

algebraic formulations but did not require an increase in mathematical

generality or important theoretical innovation. The problem was made

somewhat easier by the fact that reflected stress waves in a locked

material travel at infinite speeds, so that introduction of limiting

conditions into the mathematical process resulted in well-defined

simplifications.

The problem considered is depicted schematically in Figs. 1 and 2.

Attention is directed first to the ideal locked-rigid plastic material

in Region 1 (Figs. 3 and 4) which is behind the advancing shock front
5

at r = b(t). The locking condition on strain is

cr + 2c = c(is-1)

where j s the ideal locking strain for snow is a time-invariant material

property. Differentiating with respect to time results in

i + 2j = 0 (111-2)

These strain rate quantities can be expressed in terms of radial outward

particle velocity, v(rt), by the kinematic relations

6vv
C = - = - (111-3)
r Sr 0 r

12
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Substitution and integration yield

f Mt)
s

where subscript s denotes quantities in the locked-plastic snow

region. The stress-strain relationship in shear for a rigid-plastic

material with linear strain hardening 
is3

2
a - a r ae r s E- c 3 't r115

Under conditions of spherical symmetry, the equation of motion becomes

bar 2 V bV
r r ad to s + vsT

Finally, the large deformation circumferential strain is given by

r
e In -_ (111-7)

r

Combining these relationships into Eq. 111-6 and integrating provides

the following expression.

r/

= 2Y In r + 2 E r' rrs s Es I r + - /r

f 
2

- Pk - + g(t) (I-8)Os r 2 s r gs

Conservation of mass across the shock front at the stress free-locked

plastic interface yields

POs6 = pjs (6 - v ) f r = b(t) (111-9)

15



or upon reduction

f (t) = b2  (111-10)
s S

where

= - /(I-)

Similarly, conservation of momentum yields

ar = - s 6 - v as)vs @ r = b(t) (111-12)

or upon reduction

ars = - 0 ba1? (111-13)

The boundary condition on stress at the cavity surface is

= - p(t) @ r = a(t) (111-14)

Then, from Eq. 111-8 evaluated at r = 9(t)

g(t) = -p(t) -2Y n a - 2 Et n + dr'
s J r ts r

~f

f 2

+ O 1 (111-15)
s a 2 As a'

16



so that the equation for radial stress becomes

rr (1r' 2-p(t) + 2Y in-In r + "' 1
s a 30

a

+ P1C + 20)2' (l .

tpbb A- _ \ (I11-16)

Using Eq. 111-13, an expression is obtained for the pressure variation

with time at the cavity surface

bb In r 2 'd\
p(t) = 2Y in a+2 f Ets (2 + dr

a

+ 01 P1,

°P, 5, 1?(1 
\

11-7

Equation 111-17 can be reduced further by application of the boundary

condition on particle velocity at the cavity surface

v = A @ r = a(t) (111-18)

s

Using Eqs. 111-4, 111-10 results in

2- 2.a b'b = a a (111-19)
S

17



Differentiation of both sides of Eq. 111-19 with respect to time yields

bb+2bb ) = aa+2aP2  (111-20)

Substitution of these results into Eq. 111-17 gives

bb
p(t) = 2Y lnb+2 fb Et ( In +

(a
+Ps (s' +rW

-- (1+1) a (111-21)
2 s -1k + os

Surfaces of discontinuity in displacement and particle velocity cannot

exist if fracture at the shock front is omitted from consideration.

Thus, v (t) is zero on the shock front since the stress free material5

ahead of the locked plastic zone is quiescent. As a consequence, no

material moves through the shock front and the following compressibility

relationship can be applied at successive times over the volume of

locked plastic material bounded by the cavity surface and an arbitrary

spherical surface at the present shock front location

(b 3 - a3)ps = (b s - a o)pO (111-22)

Upon reduction

sa a 0o

18



But, it has been shown by Goodier16 ,17 ,18 that, for the deep penetration

problem, the following assumption can be made

aa3  a3

0

In addition, p > Po, so that

bP 5 -a 3  (111-24)

S

Equation 111-21 becomes

+2 1 rn'~~r

p(t) = 2 +In ] 2 dr'ts's

3s s

a 0

- A 2 1 - + 0 j2 jI '3 (111-25)-2 - s Os s

The remaining integral must be evaluated. Application of an appropriate

compressibility relationship at an arbitrary location, r, within the

locked plastic region yields

(r3 - a3 )pts = (ro3 - a0) Os (111-26)

19



Using the deep penetration assumption (i.e., a3 >> 3), Eq. 111-26

becomes*

r os r 3 /al -1 (111-27)

Letting

x =C = r 3 /aS3

and employing Eq. 111-27 enables the integral expression in Eq. 111-25

to be written as follows

b(t) 1
2 f (2En Ln + dr'

at)

1 3 /a 3  b3/a3  z a
4 f __ dx dx x dx

Ets in - (111-28)
PIs x x x-1

11 1

(3-a3) = (r3 _ a3' o

r - a3  = r -a) por~

r 0 a3 = r3  a -r3 0 0 P ts /

Sa 3  Pos a3 p
o Os

r0  r0  l S  ro 3 I

(footnote continued on next page)

20



Evaluation of the first two integrals in the second member of Eq. 111-28

3
is straightforward. The remaining integral is attacked by letting

y = L'x and changing the lower limit of integration to l-C "Oere

C<< 1. There results

bP /a- a,, b3

x dxd
In 2-- x d -x In (1-yV) d Zn x- (111-29)

f X- y

Since b > a always and 1-e < 1, the range of values over %hich integration

takes place (i.e., l-e 2! y _ b a3) ensures that y < I so that the inte-

grand can be expanded in series form. Step by step integration yields

In xy + +. (111-30)fX-1 x 4 9 bP

tI

* (footnote continued)

but Pts > Pos and r3 >> 83I 0
.o 00 /P Is

r /r - a3 / r -

r 0 0

-.. a3 /r ) = r a

(/P1 ) r3
P. s s

r3 /r o0 a r

r 
a
3

.r 
3  (P O s " S )

r o  ra' -

21



Allowing C -00 and introducing Eq. 111-24 results in

bP /a3
X xdx T2 £ 1 n

In -- - - r a (111-31) -1
x-I x 6

n=l

Finally, Eq. 111-25 becomes

p(t) - Y In a + E3 s 9 Ets 6 F nT 8

\ 5

-1 A 2 (1 _ 0*/a) + Po i1/3 (111-32)
- s - ) s s

The expression for pressure can be broken down into static and dynamic

parts so that

p(t) = pS + PLsB 1 a'a + Ba) (111-33)

where

2 2 4 E 1 npS = - r Es =n

27 3 t Y  in o - Et O'
n=l

B = 1 - / 3
1 s

B - ( + Ot)C I 3 +-. aA/3

2 2 s s 2 s

or

B = - - - (111-34)
2 2 s 2 s
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The relationship for pressure variation at the cavity surface given by

Eq. 111-33 is used in the Goodier deep penetration theory3 ,16 to obtain

an expression for resisting forces acting on the projectile. Then, an

equation of motion for projectile transit in the target material can be

written

Mi= - (B+ 1 'qs (B + B )[.T (111-35)

After integration, Eq. 111-35 becomes

in( + B ) q + C (111-36)
3+ 33 ot
A 31 I

3,16
Exact shallow penetration theory is avoided in this consideration.

Instead, it is assumed on balance that the onset of resistance to pene-

tration in snow takes place at an indentation depth corresponding to the

centroid of the nose hemisphere. That is, when q = 5D/16. Under these

conditions, Eq. 111-36 becomes

2 B 2

In 23- -s 3 2 (q - 5D,16) (111-37)

2 B3 +B D
PS 3 201s0 A 13'E

The first phase of penetration is completed when the projectile

encounters the snow-ice interface. Here,

q = qos = R > R0

Substitution of q = R into Eq. 111-37 determines the projectile velo:ity,

which characterizes initiation of the second penetration phase.

23



In the second phase of penetration, the projectile encounters an

ice cover which is assumed in the present problem to behave as an elastic-

plastic solid in shear, and incompressible under hydrostatic stress.

Attention is directed to Figs. 5 and 6. Using expressions which have

been developed in Ref. 3, the radial normal stress at the snow-ice

interface is given by*

- I ~ - 2y lnl - e 0  -- )+ -- 12E
" rl 3 D~/ 27 t

/n

4 1 (1 -30 Po
- -LsL.nr - e

4 Y, -

9 s n = l 0 1

+--E 1 - e + 01 0 4po0

2~ o + PAL( + -21)

Again, from previous work

b~~f f(t)

v (111-39)vI pR- R (I-9

r=R

where f(t) = o bb (111-40)
I p

* The subscript, I, has been omitted from the quantities Y, po, 0p,' Et,

and E for reasons of mathematical conv Aence.
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In the snow region, the general solution to the problem can be written

as

r = 2Y ln r + 2 2 ln - + 2 dr'
Jr, 5 rEta 3 it)r

aI
- 1 0

f5

s 1
- -1 - + P. + g (t) (111-41)- r 2 r 

(111-41)

f Mt
8 r --a- (111-42)

Boundary conditions are given by:

r = a(t)

r = -p(t) (111-43)

r = R(t)

P1sR - v ) = Op(-v 1) (111-44)

ar - = - p (vI - )(vI - v ) (111-45)

The quanti.ios ari and vI at r = R are given by Eqs. 111-38, 111-39.

Us? of Eq. 111-43 arables the quantity, gs(t), in Eq. 111-41 to be

expressed in terms of p(t).

26
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Then, the new relationship forars is given by

r

O - P(t)+ 2Y n J Z1Et (2 + 2 1r' +2lss a ar, s(2l r 03 Adr

ao

+ P ( ) P f21 ) (111-46)

From the boundary condition of Eq. 111-44,

P ;'lr=R S) s

Then,

ft + P f (t) (111-48)

Substitution into the boundary condition given by Eq. 111-45 yields

-a = - ~ -Tj 
b r bb (111-49)

or

r=R s Pj
p  

+ - se(III-50)

27
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Substitution of Eqs. 111-46, 111-38 in Eq. 111-50 gives

-p(t) + 2Y + R fr t( 2 ln r + 3 )dr'

+ (2jRs  + 1) + P (2b62 + b'i)
- ts P[ ] ](a

1
p 01 62 + Op b F
I p In - e

+ - D-r-+-(
2 p pb

-~ p~ R p u

where

-I 2 -3 %

Et - ) + 1E (l e3~ (111-52)

n=1
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Solving Eq. 111-51 for the dynamic pressure variation at the cavity
surface and subsequent rearrangement yields

R

P(t) - 2Y In J + 2 Ets(2 In f 4+s a r, r 3 dr
a af+ 01 P I (2Rfi2 + Relk) (1 -I

j+ ~0 f(2bi? +b**

2 °s Rx A +  ap b - -L

- tpb4 + 1 + J

2 p p

+ aC(p b2 + f p b b '
p 0 °ps p Pp - R

p (111-53)

The following relationships have been derived in Ref. 3 and are listed

for convenience.

R

2 -Et(2 In L + -
(1dr x Et)dr' - " E (II-54)

n- 270 CO

2Y In- -- Y In - e s
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where

y s
0 (111-56)

9 2E 3S

ols(2RIP + R2R) = 2a82 + a2 (111-57)

Otse = 82i (111-58)

b = e-30- / (111-59)

where 0 = :- 3

= e-30 s o0 -/3 (111-61)

a PA )

(b3 - R3 )pip = (bP- R&)p (111-62)

b = b e0 (111-63)
0

30
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Using Eqs. 111-62, 111-63

b3(-e ) R3  o (111-64)

or

0 - e -0 -I- (111-65)

- -p R3  p

Now pip > Pop and for deep penetration depths of the order of several

projectile diameters in ice, R3 >> R. Thus, Eq. 111-65 becomes
0

b Rp/ (111-66)
* p

where = - 3e P 0 (111-67)

It follows readily that

b a - e os e30 2e (111-68)

or b ac a (111-69)
s p

where - e S (111-70)
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Introduction of these relationships in Eq. 111-53 yields

p(t) = Y ( In - 30S' 2

4 ( +a

4 pop + p )-(a 2 + 2aW2 ) -

p - s

p p )aa 1 (

+ O"P( (&P) 2 as ( 6)

+0s6 -s)-//3

o+ p (&)- /3 (ci)-.213 + ptL() A2
ON I po p s

-1 -/-- 2 p pcv(S 1) (INp S) a

p p p s
+ p~~p~(&)2- ( )-/3a 2  (III-71)

Now let

2 I -30 s P s)
PI -3Y In e

21s s

2 4

+ ts2 E - - Ets (111-72)
27 t8  9 S
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Then

P~t = 1 1 + (a8 + 2i2)[,.

+ 1/3 1/

P s

:1 lP 11
2 ss -,

-,+ 4- /3 2

S p s

Rearranging

p(t) = P 1 + .a [o2 /3 (i - + p (1 1/3 C1 ,,'J

ac pa p

+ j2 [2pS (1 /3 + - &1'3P1

pip S p /

+ i ' -e + 2 Ip4/)' pp _ I

p sp s

2p 'S'p + ce 1 oe
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Equation 111-74 can be rewritten as

P(t) =p + C as + C 2  (111-75)

where

C = ( - 0s5/3 + ( 1/3) (111-76)1 S~
sp

- sp

+ 2 ( s / ) + 2 _& 2 /3

p s p s s

1 +slp 4/3a~

-2p~ 1 /s a 212 3 6 (I1-77

p s p s

PSt p1Is0 fp20 (111-77)
;-wT/3 2&23+

It has been shown in Ref. 3 that an expression for dynamic

pressure at the spherical cavity surface, such as the one given by

Eq. 111-75, can be employed to derive an equation of motion for pro-

jectile penetration. In the 7--sent case, the following relationship

is obtained

= -p + +(C j2+ 1 )] 2 (111-78)32 2 4 (I-8
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V

The usual process of integration yields

2/3 C C c (q qoIn (11I79

P + 2/3 C v" - 3 M/A + C D/3 (I1I-79)2 °S1

Solving for the terminal penetration depth

M/A + C D/3 P + 2/3 C v 2

qt = q0 s +4 C4 In P (111-80)

Here, qos and vos refer to the penetration depth and exit velocity,

respectively, characterizing projectile transit through the overlying

snow cover. These quantities are obtained from solution of the first

phase penetration problem.
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Appendix A

LISTING FOR LARGE DEFORMATION THEORY COMPUTER CODE

THAT INCORPORATES STRESS REDISTRIBUTIONS DUE TO FRACTURE

Preceding page blank
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JOR 485

//LIctER JU14 lA5j9.*,*6)2tI,90#'SIlHU*
//.SFVvCS LIST
//'PQIKT COPIES.
//STFPI EXEC FORT14CLG
//fi.QT*SYSIN CC17

C
cC VfHRSICN 1oSPI..,.TWO r)ImrPNSJONAt AXISYMI4FTTRIC 'CAN3IA0 Cflf'.I

C THIS VFRSIrN CEJHPATIRLF OiN ANY IBM 360 14ACHINE

r

C *a

IMPLICIT REAL*$ (A-Hn-ZqS), INTFGFR (I-N)
CflM~nI(1 /CCfAI/ AR (p4946), ARH (24.46), ARnM(2494619
I A/ (24,46), AZH (24,46), A'fH(24,46),
? LA (24#46)9 AV (24,46), AP (24,463,

1 LY#P(?,q4o), ATZZI?4t4bl, ATRZ(24,46),
4 ATTT?4t4t%)#

A-RP(74t4619 ASZZ(24,461, ASRII?'.,4b),
h ASTT( 24,463

A/ I 4cj, 6)s UZ11 l4bt 6),t gZfll(46, 61,
RhA (4, 6, 1 #lW (469 6), SP(469 6),

3 8TRP146t 6), RTZE(469 63, BTRZ(4b, 6),
fRTTT(4, 6),

C, SRP (46,9 A$, 9 SZZ (46,e, - - lRZ(469 6).

IT? (?4,46), TZH4 (?4146)t Tm7f(44)
'iR(4o), S1146), TSR14b), TSI(46), ZM(2,461, SPTM(t5),

4 Al(2)t 42M9) A3(2)9 A4(1), AtCN(?) AMAT(2), A49J(2)# 44112h

7 L.QtJrNCTI1fTtionTM1,IN)'TTvt4VCt~FKflFACTP
'>3I44t)N /ICCM1/ l")TA(?4,461
CLM1I'N /ICC42/ TPTfl(46, 6)
C)%41i;(r /rCc43/ ISHPP,,t JM(2)9 KM(210 KMID,
I i,irTI,ICT,,roFNrIMLXIPRNTtCYCLIM4AP(aT,,INTtKMN,Kmx

r
r

r SF1' A.JTIFICIAL viSrCSITY C0':FFlCIF,4T VALUF
.

REA A;tr' **N

C 1 4TY I KF4 AUIN %I)S
? KF4 RU'% SAVE

r PFSkJMr NOl 'ZAVP
r 4 CfrUFvF SAVE

C*r***
Ir (l0FNY.Cr.31 CAIi PSI-ic
IF (IDIENT.CF.1) 3 til Tf 3
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C **Sss

READ IN CATA FRCM CARDS

C
C CALL* INPT

C
C DU. ALL INITIAL IMODIFICATIUN OF DATA...UNITS FTC
C

CALL. MITT
r *****
C
C CREATE TI-E FINITE DIFFERENCE GRIt) WOPK AND ALL DISC FILVS
C
C **

CALL GRICC

C

C vfRITE CUT T14E SALIEN4T ASPFCTS OF THI. PRUBLEM
C

C

C
C CYCLE 71-POUGH TH-E RUBY, IS INITIATI)

C

'nCALL LETGC
C
C
C DU ALL NECESSARY COMPUTATION FOR THF TARG.ET
r

C
CALL %uUTT I IIPTA,AP ,ALARHiAZNAPDH,APlt4,ATRAT7Z,ATR 7,
I ArTT,ARSZ9,zASRASTTtAAAVAPKmlnKM4,K INT*
2 J'4X)

C

C BEFORlE GCING TO THF PROJOCTILF 00 AlL PRFPARATIflNS NJECFSSADY

JJJzJME 2)
00 3114 Jxl,JjJ
FIRH(ItJ) a ARH(KINTqJ)
BZHIIJ) a AZH(INTJ)
BRt4(IJJ APDHKINT9J)

31''. BZOH(ItJ) x hAlr*,(KINT,jl

C

c NOW DO) ALL TH CCMP'JTATIflNS Ft'R THtC PROJECTILF
C

K(2 a K()
CALL GUTT I ,T,1,l,,ZHROrnTRTlT,

I IjYTt ,'SRRZZ ,rSRZ,RSVT ,9A,8" ,~P, '?, ?,'(mv,

C
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r tiCHv. IF IT IS TJP4F Tl 0,11T

IF IICYCL-I4AK) 3" rV'V'
11 (F I ( I 'EF C *2 * PdI'F T *4) CAt L SS AV

I A/ ( ?4 9~) ANI~ (?494alt AZfl1I(.4v4A )t
UA (14,461, .AV (2~4441 AP' (?4*4f#)v

A TP 0 -4 #4h ) ItTZl(4,4619 ATQ(74,44S),
% ITT( )-tt..,) ,

ASTrf?.,4b))
rl,44.i4 ICCM'7/ ALI 14h, 01) 9 BRII (1*69 , Ed, -Itl (46, #6)

AlR ( 4-, 'h) # Allf (46, 6),9 gzfll4fj,, /%)
A'A I'e~ 4t , 9 n9RV (449 6)#* P014.), t,),
RTfR( 46, A, RT?146, 6), nTIJ7(46, 1-),
RiTTTf4e,, 61,

t, ~ RSTT (4t~, f6)
jOM4i)N /cC'43/ TA ( :4 4o) # TRH (14946), TONI( 24,4o,

I T7 ?~4 vo, ZHf I.74 *41), Tiflba?4,46),
2 ; 1'~46) t S? 46),9 TSR ( 4A' TW (46 1, IM( 7,46 ) f "PTM('S,
Al 4(2) 1 2( 2 ) A3 2, 49 4! /), Al FN( ,'), AMAf( 1) q AM'( ? 1, I'llif2),9

7 CQ,1rNfr)-,nTH~,cTMqIN, ''lINTTY4FCl4FK),FACTR

CuM~uN ICCZ/ PTlK(46, S)

AF TIJRP%

r m.%IC1 A? (?4 46 ) , 4Ri 124 t46 ) AR 014('4 4)1
A? ('4,46), AIN :24946)9 AP (724,46),

ATRR(14,4b), ATM7(4,4b), ATR?.(24,46)t
4 ATTI(,'4946) t

ASFPI!4,46), ASZZ(24,46)t ASR!(?4,46)t
ASTT(24,46)

CU.-4iUN /CC#'?/ RP (46, t6)I, 'iPH (461 6), ARRH4469 6),
A? I 4b, 6), ANH (4o, 6), iI~flf(46, 6),

#ITPR(46, '0, 4TZZ(46, 6)9 RTRZ(46, El,

PSTT146, 6)
Co4'4CN I(Cmt3/ TO 1249'46) TOH (24,46)9 TROHI 24#461 ,

T'I ( 24,46), T?.H (24,4f), TlDHf?4,4h),
2 'iR(46)t S?(46)v TSR(46), TSI(46)t ZM(2,46), SPT';It
4 41(2)v A2(2)9 A3(2)9 A4(2)v AlW(?,*AT(?), A4')(?)* twUP,

I 4,OTN, r T1,DTI.,IfPTM IN,Z) I NT , TYMF trH'IFl, F AC TA
C P 4MCNj /ICC I/ I PTA (?4 46N O
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CCMMON /IC0142/ IPYBf46# 6)
CCMON /ICCN3/ ISHP(Z), J0N(Z), KH(Z) KNID,
I IRUNICDl.1TD2,IDENTINAXKPRNJCYCLIMqAP#NTTKINlTKqNKgwx
RETURN
END
SUBRUUTIKE INPIT
IMPLICIT RF*L*8 (A-H#OlSJt INTFGER 1I-N)
CUMNuft /CCOI/ ARt (24,461, ARM (24t461, ARD#4(24t46),
I AZ (24#461# £114 f?4,4b)o AZW'H446)t
2 AA (249461t AV (24,461, AP (24,461#
3 ATPR(24*46)t ATIZ(24#461* ATRZ424146to
4 AYTT24#461#
5 ASPP(24,46)t ASZZ124,4619 ASRl(749461,
6 ASTT(24#46)
CCMMO%0 /CCI'2/ R 146, 6), ORH (46, 6)9 OPOH446t 6),
I III (46, 6), 8iN (46t 6)t 81014(46, 61t

I B (46, 6), 8V (46, 61, BP(46* A)*
IRTRR(4h* 6)t 8TZ1469 6)t RTRZI46t 6),

4 BTTT(46, 61,
5 InSPR(46, 09, RSZZ(469 61, SSRl(469 6)v
6 RSTT(46t 6)
CU)'4JN /CCM3/ TA (?4t4olt TRH (24,46), TRD14(24t461,

I TI (24#4)t TZH (24,441# TZfnH(?49461,
2 SR(46), Sf146), TSR146), TSI(461, lMI'46), SPTM(Sl,
4 AI(Z)9 *2(2), A3(2)t 44(21# ALEN(2), AMAT(2)t AMII(2)i ANI1f 2),
5 BK(Z)t CAPrP(2)t CflfTf?I, DR(2)t nz(2), RAD(P), RHf()t ROT(2)t
6 RtiG(2)t RHOT(7)t TWOtJI2)9 YT(2)v f'1fTIZ)v ZV(2), VCIlNI?)v
7 CQ#flTNvCWDTI4hDTMI6,ZOY1dTTYMFCNEK0,FACTR
COMM4ON /ICCI4I/ IPTh(24,4o)

- CCMMCN /ICCI4Z/ IPT)B(46, 6)
CCAMON /ICCM3/ ISHP(2)t JM(2)t KM(?), 40

I IJ,ti!T,IDT,IIrENT,I4AXIPRNTICCL,IMAP,NTT,KI4TKINKIY
;,CRZ5

C

c RFAD IDENTIFIERS:

c IRLJN :RUN I.fl. Pir
C IflTl : P'CNYH-DAY (FG. Il(\3 - IRI) 4IV)
C IDT2 : YEAR (EGO. 61) - FOR 196q)
c FACTR : FRACTION CF :)IAG(INAL usEC TUJ FPIN!) THE TIMr STEP

C

C RFAI) Ci.NTPLI VARIAIBLPS
C
C IMAX - MAXIMUM NO. OJF CYCI.PS BFFORE PRflALF4 TERMINATION
C IPRiHT- IOAXTIOUM NO. uF CYCLES BETWFcN PR14TOtITS
C IMAP - MAXIMUM N-1. (IF CYCLES 80:TWEEN GRAPHICAL OUTPUTS
C NTT - hr. CF SPECIAL PRINT TU4FS
C SPtM(NTT) SPECIAL PRINT TIMES IN mIC.MO-SECI)Nne,
C
C *r *

READ) INCR,If'1) IMAXtIPPNT91MAP.NTT
R~EAD) (NCP,1o2) (SPTMfKI, Kvl,NTT)

C
C
C fEAO MATERIAL PROlPERTIES
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C AMAT(21 - MATER tAt NAMF (4 CHARACTEPS M4XIMIJM)

C CAPEMZ - VOUNGOS 44C)OILUS - PSI
C RHn(21 - CENSITY - Gr'/CC
c YTI?) -TENSILF WO~.f STRFNGTH - SI
C A1-A4(2)- SPARFS

0 100 js 1,92
RFAD (hCPIt'3) A14AT IJIw I36U #C ,APE(J) 9RHOW I tVT f J)
RFAI2 (NCR,V'4) At, 0, 'A2E19 A IJ I A4(J)

r ***4**

C FA EM tFdI4TRIC PROiPERTIFS

r HOLDY I (TARGET) 1, ,Rnnf
r 2 ,PLATF
r RO.Y 2 (PRLJFCT!LE)21 ,PCf)
C ? O0LATF
r 5R)ur(21 INITIAL VFLCCITY IN R nIRECTInN - FT/SEC

c Zoo(2) -INITIAL VFLnOCITY IN 7 W~RFCTI(IN - F'ISEC
r Js4(Z) &SN. 00 C'5LtS " IN R nIREcriON
r K(IM? - L. Us: CFLS IN I O2(FCTION
C 'm I?) -sitr f;F CFLLS IN Q F0IFFCTIlNl - INCH
r ()?' st- Si7 CE~LLS IN 7I DIRCYTON - INCH-

'i*)f) REAl) (NCQ,105) TSHIP(j lr)OT(j),ZlfT(J),JM(J)tKMl(J),flR(J),07(J)

V FJR'4AT (4 1!'%)
32.' r1Mi'IAT (OFIC.11
1' FOJIR1T (fXA4,d.FIOolr)

104 FoRIAT (4F1O.0)

RET IIRN3

'W41WOTINE INITI

r WIS Sti'lqk.LTINF O~rPAPF' THF (.-P1IT fAT. Fu.R PR!NTiG AND SlJRSFG'JrNT

IMPLICIT RCAt*lS (A-Hvfl-tS)t I NTFGOR (I-N)

A1 (74,46), AVI 1?4,4.e), ATOHi;4146),

AT014(?4,461. ATZ(?4,46), At07(24,4h)l
tiTTT(?)6,46)
AiPR(24#46) , ASZZ(?4,46) , ASQ?(24,4Edo

e. ASTT(24,46)
3CJ'4MUI /CCM2/ FPR (46t 6) , flPH (46, 6), 80 ni ( 46, 6),#

97M (46,t 6), 81H (46, 6)v FiZfH(46* 6),

IA (43t 6) , BV (46, 6), SP(46, b),9

4 ITTT(46# 6)t
RSRR( 4h, 6) # 133Z7 ( 46, 1), t tSP ? (46, 6),
kSTT(4A I A)

T 7 1 l')446 ), TIH (?4#461, Tl)H( ?4#46),
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-2 S R'l-4 6- SZ('40), TS9,-40), TSZ('RP): -ZI-?-,46),. s PT'M' 15)1
4 z J12 ), ?fj 44V2) ( 2)-i ALEN( 2),. '4mAT(Z),t AMllf-2.)-,, lJ?)

5 RK(2ih.CAPE-,2I1,i CFIUT-2), O'M-2ivOD(24*- RAD(2Jt-, RH6Ql2I, RnOTr(Z[,
6RH'OG(-), -RHOTO), TW4i)(,,2-), YT('?), ZOlfT(2), ZV(2), VCON(Z ),
7 -CQ,OTN-#, TfhrTNV."IZNT,TYF CHFK)FACTR,
CiM40N /IiCflM 17 IPT A[(?4,46 i
Cj M Cc-id$N /I C"C' !PT9(46, 6)-

1, IR10JNICT,-IT?IDF,IMAX,IPRNr#ICYCL,-rMAPNT-,KINT,K4N,K4
110* 30i J -1-,2

PRtiOJ U I~ 9-.35Z41211-d5 -RIMUl()

cC -N 6 1 Ki S IN (rtll-SCZe I4)

A- Plj-JS IN ULH'-/SCV4

flK(-J) CAEtt/J)

VCON(J)=- CWfTUA)/1-4P-')5

C MlNITS: AMIU,Pj ARE I N (SI1)
C CD T I ' IN 'I INCHEZS PFP IIICR',SFC.)

G, VCcN IS lIh CFHT PER 'SFC)

C
AL EN (J X) C(J) *KM(J)

R-10JJ C(J) *p (j ujI

C NG--, C1IA~ 1  .JM AND 'KM T') STANO FOR 'NO OF (,i QO" 4 A.41 011. C(I 'NI
I C. T STA 1) W! OF' QP 10( C FL I

C t
.1%( ) JM(I), +- 1
K .) kI(J) 4. 1

/.Vj) z IJ i')-
Lf11J)-:l)("-")6 'It ~cr (i .

C IN,;TS: IV IS IN (FT/Srr.)
r, zcrT IS 1.4 (kroC# PFR 4ICRCSFC)

C

r NF)IT CO)MPUiTE VMUES FrR TIMF' Srv IN MICROSFC

WTHW =FACTR~C:SQRT()R(JJ**2 +Z f7J)-A-.fl- -- CV)T(J)

C *,% *r

I F ( Jr- 3M, 0 3, I

303DTM~J C:TH 0.1
K Iiv T 4
K M 10 K UPT' +
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C-- Lmis)JTE 714 1NTs;RFAC. V L'3K1Tv

I C.CCT (II+ i1 ) * tECOI~T 12)11
R--TUP N

* - ENO)

1 17 ff. 46 It 14 (71#9441o AZj1'4t?4#46)q

A 124,#44) # AV ?4,v46 1 , AP f(14#4S I

ATTT?4,4h1 9

61 f4#4b),AS 1? 619 Ai1#41

L R1z (40,, 63, RMI (46, 6), p.7nfl46# A)',

Ai A(46,# 6)' t IV (46, 6)9 R14ftt f-),
44; ITTt%, 0191T .%'hs6 1 ,4i )

R STT(46# 6)
CjMAU&N /CL('3/ TR 1 9 454) , TRH (249409, TP1H( ?4#46,

S SR(46)', SZ(46), TSRC4419 TST(46)9 '(,6' SPTMi(s)',

5 4K Q 1 C APE (2) 19C CT(11) , DR 12) , DZ 12)1, R An(I1ZI RH 'f( 2) 949 )T fe t

ccmmnOJ tycri,21 fIPTR(46t 6)

I lRJ,),IllIfT,- iFNT ,If4AX,!PRN'Tt!CYCL, IMAPNTTKINTPK'4NKMYr

f' *I **

C W'QlTr PROR)LFw m(ENTIFICAT1014

r

C 4 1 TF 'IATFRIAL PRLIPFPTIES

WRITE (NPR,',1) AMT ) A1)RO#ItHG7,hltH)2

ARMt (KPR921)4)' vT1II,YT(2),'1l(j),&(2)

C

r' k(,r4CTRIC PP'PERTI 1

r i- k*
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tc CCNTAOJL DbAT

~ ITE (NP R, Oe ' A~, UMAX, 114AP ,IR T 9 T
'WRITE ,(Ne R,2os f.9PTA(KKT,KKT1iATT1.

C.FCRHATS§
c

26' RkT+Ii 70X eTwo-oIAGRANGAN COMPUTATi ON,,/?XRU*N
S -14,6 LATE m- '104,0, 1 9 1l21OWRES UME CODE "'14,

s 'BOdDY 8-,j// I
201, 'FORAT (2X,41ATERi'AL PROPERTIxES'*,//X,x,4HERIALi

6 3XAAIxAS //t5X,'!CENSITY ('RHO)i 22,,G/CfX,6&6. -~ 'LBTSEC2/1,
S '9 X- 2t20 .6,-

2ZFORINATf (5X t2 1 H P 1S SO N'1S RATIC (ANIJI 34 X92o0o.6,//,SX,?NYoNG1S M,SODULUS ,(CAPE)f13X;!PStir-V1?X,2t266,//5X,RlGinlITY 
AODULfJS CAMI',

403 FORMAt (!X,1'LMDUS '(BKI",,18Xb'Psjl,17X,nO.
6 1,,sxXs 'IsOUNI SPEEr, (CDOT)S',17X,,w'IN/MICRO..SvCI,,8X,

S 2b2 Cg6i/t'411,FT/S FC',v
*S 14X,2D0.6,/1

2'!4 FORMAT (5XYIELD' STRENGTH (YT)!ui6X,!PS'i't,IXD,p
2 6 ,I5Xf'Sh9AR STRENGTH (ST) ' 16X,'PS!S, T'(,2?? 6I//j205 !FORMAT (2X,'GEd0ETRIC PROPFRTIESIt,/,5XtENG'TH' (A LN ' t2Xt,INCH"S A 6 '2 D?f).6,?I, 5Xv'RADIUS JR 'ADY'vl, 'A NCI H, 16k 2 02D 6-/ XiS DR'.r33X, IINCH--' 16XDO,,

206 FORMAT (SX#IDZe,33X,tINCH,6X92D2 6,/5X-,GRin POINT-S --L (KM I'S 37X,2120 i//t5 X, 'GR ID '00 INT § R' (JMY# ,37kX,20-o ,J,2C7 JFURMAT '(-5XiT'RDC'T"~,
S, II N / MI CR d-,S Ec, C8X , Z22C. 6, 4. 40X 'F T/ SE C 14 X 2 06/2X'S iCCN'TPCL CATA,/).

20 A FORMA'T ''@4'Xi 1TIME STEP FACTDR6I'l8XF10. 5,/5XitMAX Nnl 0F CYCLES'I ,18itI10//5X,-IAAP FREQIJENC', 21X, 110//5X,,!PRINT FRFQIENCY,19X.,2 Il0//r5X,INO'OF SPECfAL PRJ NTS #,I 4X, 1o/4sxi SPEC UAL PRINT T'IMFS3 IN, MICRC-SEC"1,S-X)
20Aq FORMAT'(.5F15.5)

RETURN
"END
SUBROUTI,,E GRiCO
IAPLI'Cil REAL*H' (A-11,G-ZiS) ' INTEGER (I-N)

XZ (124,46, AZH (24t46'), AZDH(24,46),COMO 1CII ~ 24,46), AVH C24,946),v 'APD(24t46),

5' kSRR(24,46),t, ASZZ(24.,46)t AUSZ 24 t46) ,6 'STT(24,46)
CUMMON./CM2, 16) 1( 6),, BRH (46t 61t 8RDH('46i 6h,I BZ (46, 6), BZH 4(46, 6),t BZDti(46, 6),2 BA (46, 6), OV (46', 6), BP(46, 6),j*COMMON /CCM3/fP' ( J 6i ,I TH (296)t TRH(24,46),

IFi(4461 i 4,4)ZH(442'R 4 ' t S k h TSI, ) , T Z 4 ) . M t 6 t S T ( )



4 A£1(2), £ 2(2),o A3(21 t A411'), ALFN(2)i Ar4AT(2) AMI'l1Z)ItAANJ(71v

6 RrtflU(2), RHOTI?), TWP'II(Zl, YT(2)t ZDnT(2), IV(?)$ VCON(7)9
7 L.QDTNCTHOiT4T1I%,?.TNTTYMFCHFK(OFACTR

COMM4ON /ICCMI/ IPTA(24#46)
COMMO0N /ICC'42/ TPTB(46, 6)
CUMMON /ICCM3/ ISHPI?)t lm(?)# K14(?). K'410
I lR(IN,CI1,1DT2,lrFN1,I1AX,IpRNT,ICYCL,IMAP,NTT,KtIJT,K9N,KmX
fllmeNitch AREAmi, ARHC(Z)
NPkxb
n~l 300 1.1,2

C **

f hIr IS T),E TARGET
C =2 IS THE PRCJECTILE
C
C AR4EA IS TI-F INITIAL AREA (IF EACH CELL IN SQIiARF INCHES
C 4RHU IS 7HF PPLCUCT ARFA * DENSITY IN (LR-41CP(ISM~-2/!tN-21
C RiIUT IS CNE-THIRD RHO IN LB MICROSEC INCH UNItS
C TWMUj IS IhICF TI-F RIrpIOITY I40IILIS AMUt.
C
C **

ARFA~ls CRM1 * WZIT)
ARtgIls AREAI 1) * RtirUI) *1.1f012

PHI)T(Ils Rl-O(I/l.0fl-I2
TwMtJ(1) 2.0 * AMUMT

?CAi CUNTINUF

C
C NIJW L*RID IS CREAME FUR BODY I
C
C

ZCOR x '*
JJJ a J9'(1)
JJ2 a JP12)
K~KK s KMIII
CUJ 7777 tav 9#K
0)0 7777 JsIJJJ

7777 IPTA(KJ)u0
flU 326 Nz1,KKK
RCUR x *
00 325 jaltJJJ
AR IKtJ) * ACUP
AZ (K.,j) - ZClJR
ARH (KtJ) a RCIJP
ALH (KtJ) a ICUQ
AROI4(KJ) a ROCT(Il
AZDH(KJ) a 7.00Th)
IF (.1-11 3C4#3'4,302

3M~2 IF (K-1) !14t3% 4 t3fl3
303 AA(KJxA*REA(l)

AVI KJ)xl.C
AP(K#JlIS'S(
ATRR(KPJ)aO.0
ATZZ( (,J)uO.O
ATRZ(XJlzC.1
ATTTI KJ)uC*(0

ASZZ(KJ )uO.0
ASRZ( Kti)aO.l
ASTT(Kj)=.'.
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C fNti TtiF PCIhT CCNDITIflN CIl I l NE~~~r)
r

C

C FIOCiUTC IFq:

C

C v

c R176 N I
5**12

C *ft * RF(,Ia)N?

V. 
Ax - - -

C

r

1 -4 IF (J-1) 3rchOt~

IP2

IF~ 9 C(-eKi'I 3i)QJ,'o~v30
I1 P L3

A7-.t1(K, J)=IZr1,T
GO N) 3?I.

Goi rri 3;;

If1 [P jj it1b7 1

i~ rJ 324

i;IF %(KIqjjj 3 7 .1e,3F

',IF (JJ-jjj 1,Y;,
IF ' J j jl, 1 4 Q , l
AZ')frsKJ )=jINT
GO toj 3?'.

Alr P ;

AV)H( KsJ)=7r*INT
f'-J T11 32'.
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3114 IP a; 11
AZDH( KJ)uzfl!NY
GU TU 374

IZO IP z7
G3l TO 324

321 IF (J-JJJ 323*32?#322
322 IP~ z 1

GO TO 324
3V3 IP -I
3?4 IF (IPTAtKvJ).C.l IPMiK9,J11P

RCIJR a RCUR + M'PI)
3?% CONTINLJF

4 WRITE (NPR*7r) g,(IP(A(K#KK )jkKmI.J1J)
?(''R 2 -ZCL'R + r.'(11

3?1 CtflNTI NO

I C Nrlw COJMPUJTE CELL PSFUOOfl'ASS Z14

flQ 4-1 Jx 7, I.jj
TEMPxAP( I J)

C NOW GRID FC1R OrlfY 2 IS CREATED
C
C

ZCUR a CUP - DZ(Il)
KKK x KM(2)
JJJ x JP12)
00 349 9*19KKK
RCtJR :0.0
DO 348 Jm1,JJJ
AR (Ktj) RCOR
RZl (KJ) =ICUR
I!Rti (KqJ) iarij
IZe4 (K ,J) =ZCIIP
ARflH(Ktj) x PrLTI?)

I4ZLkt(K tj ) = ZOT(?

12'; IF -(K-11 ?3I01,33t74
32Q) BA(KJ):ARFA(2)

TRV(K,J :~

ITRZ(Kgj)='A."
ITTTI K #J) zl'fl

ISRR(KtJ)zr.r
iSZZ(K j )sO.O
1RSRZ K J) zC.f'
RSTT(KtJ kC.(N

C NCW THF POINT CCNnITIflN cnnE IS nl-TFRMINEn

* 1" IF (J-1 I)!1 031' 911S

Q4 ? IP = 13
Ek~OHC K tJ) =IMI hT
GOl TO 31

31IF (K-iKKK) 335, 434,34
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314 1 Px4
GO TO 34?

GO TO 34?
3IF (K-11 3?1,337t34(.

137 IF fJ-J.JJ) 139,?3P,33A
13A IF fjjj-JV(t)) R4"tA39#644%
?33q I pa 1.

GO TO) 347

GO TO 3447
331 [P41l

3 I IZOH(K*J)xZDINT
GO ro 347

440 IF (K-XK) 344#341#041
141 IF (J-JJJ) 343,347,342
34? [PaR

GiJ TO 347
341 IPa 7

GO TO 447
344 IF (j-JJJ) 346,345,345
245 [P azf)

GO TO 147
146 IP xl
347 IPTS(KJ)-NIP

RCtJR a RCUR +OR(?)
14q CONTINUE

WRITE (NPR,7lO'l) K,(IPTR(K,#KK)tKK81,JJJI
ZC'Jia ZCUR *CI?(2)

C *****.

()( 401 Ja2tJJJ
TEMPlBR(19J)

)40 4I M(?tj) a ARHL(2) * (TE~MP -t'.'*nRi2)i
C***
C
C IN~ITIALISE CYCLE COUNTrRt TIME, TIME STEPSWAVF BOIJNnARtFS
C
C***

ICYCI s')
TYME mr

OTN m0T1
DTH4i unTH
I(MN xKINT -3
KMX z 4
JMX a JI'(2) +2
IF (JMXoCT.JM(l)) JMX=J'4(l)

7000 FORMAT (909v2(1151
RE TUR N
END
SUBROlUTIN~E LETGC
IMPLICIT PEAL~q IAHCZS NTFGr.R (I-Ni
CnMMON /CCP1/ AR (24,46)9 ARH (24,461, ARDH(24946),
1 AZ (24o46)t AZI4 (24946)9 A10Hl24t46)t
2 AA (24,4b,), AV (24,46), AP (24,46),
3 ATRW(24,461, ATZZ(?4,46), ATRI24,46)9
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4 47TTI24j'b I*
5ASPR(74 94h), q SZI(?44*A't ASR 7(4 t46) 9

ASTT(249461
COMM4ON /CCOZ/ RR 146, 6)t RRI4 146, 63, WHfI4469 6)o

67B (46t 63, 8ZH (469, *Is 8Z9H14hv Ed,

2 RA (46, 6), 5V (46, 6), 40(469 h3,

3 RTPR(46* 6)9 BTUZ(46# 6)f RTKZ(409 6),

4 RTTTf4h# 019

5 ~ RR(46t 63, RSZZ1469 fi3, ISPZI46t h3,

6 AS146t 6)

COMMON ;CCM3/ TR (24,4h), TRH 424,4619 TpflH(J4946)9

I T! (?49461* TZ14 (-24,463, TZ11H124.'-) s

7 SR(461* SZ146)t TSR(46), T-SZ(4b), lM?#4bll SPT.415),

4 Al (21 t A212)I,6 J~? 19 A4 (2) 9 Al FN(l I AMATf Z), AW4fi() 9 AN11-),

5SBK12), CAPF21-9 CDOT12)t flR4219 DZ(23, RA0(?3, Ptl0(?) R[111717)

b RtlUG12), RHOTt2lo TWMIJ(21# YTt 23, ZOOT(Z3, ?V(2), VCON(219

7 CQ tDTN (trI~flTHlUfTMI% tfintNT T14E tCHEKnt FACTR
COMMON tICCM1/ IPTA(24946)
CCMMON /ICC'42/ IPT!3(46, 63
CommnN /1Copj/ ISHp(p3, JM(L), xM(2), KMn

I IRgNtlCTlIOT,lOENTIMAXIPNTCYCL1MAPNTT,KINT,M,KMC
JJJuJM( 23
00 350 JaItjjj
AR(KMIOJ)USR(2#Ji
AR43 (KMI0,J)83RRH (29j)
ARDH(KMICyj)uRPnH(2,J 3
AZ (KMIC*JlsPL (2tJ)
AZH( (K3410,J18BZH (.2,J)
LZDHlKPlC,J)36Z14(2,J)
ATRR(KMI0,Jl*FlTPR (2 9I
ATZZ(KMICqJ)sftT?Zf?,Jl
A1RL(KM1CtJ)*8TPZ(29J 3
ATTT(KMIOJ)flBTTT(2tJ 3
ASRR(KlMIC,J38fISRR(2vJ 3
ASZZ(K0ICvJ)'4SSZZ(?tJl
ASRL(KMWtJ)SRSRZ( P,J)
ASTTIKPDICJ3USSTTf2tJ)
AA 1010Wl~),104 (2tJ)

4 AV (KM1CtJ)aRV (?,J)
350 AP (K0IC,Jlx8P f29J)

C ****
C
C FIND THE S'NEEP OCUNCARits
C
C **

IF (ZOCTII)i 3009301,300

GO TO 3C31

301 IF (KMN-I) 3030303,361
302 KMN xKPIk-l
301 IF (J4X-J041)) ?04,004,31)5
3n4 J14X a JMX .1
3flS IF (KMK-NN121) 306,307,307
3P6 K4X a KMX +1

C

C CHECK IF T14E TII'F STEP H-AS ATROPHIED BFLOW THE ACCEPTABLF

C LIMIT CF 10 PERCENT nF INITIAL TIME STEP
C
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C **
3C? IF (DTHIS-OT4I9) 308#30Q,309s
3:P IMAX aICVCL + I

GO TO 310

C

C f4N+1/2
C FIND I4Ex1 nFLT ANn flELY
C

3PQ 0TN a (flTI..fTH%)/2.1
nth a clw
CWEKDmc Ti-

C
c INCAEAIPNT THE CYCLE CCIJNTFq ANO Te1F Tp4F VA~uE

31(' ICYCL - ICYCL +1
TYME 2TYMF +0TH
'qET'IPN
FIND
SUBROUTIKE 'MOVU8,DlELZtDELZH# KLST,KFND,JM?lIMPLZCIT- REAL*A (A-H,C-Z,Sj, INTFGFR (1-141CO1MMON /Ctuqi/ AR (j4,46), ARM( (24t461, ARflH(249461,1 41 (24,4e61, A7.M (24,46), A~rn(J24,46),2 AA (24946)t AV (24,46), AP 124p46),3 ATPP(14,46), ATZZI?4,s,6), ATP7(24,46),4 ATTT(2494h~),

5 ASRR(24,461, ASZZ(74,46), ASRZ124t461,6 ASTT(24,46)
CJMUIV /CEI'?/ BR 146, A) 9  SPH (46, 61 , 'iRDg(46, 6)91 87 (4bt a), BZI4 (40, b), AZDH(469 6),2 R4 (46, 6), RV (4.6, 6), pp(4s,, A),? 8ITAP(',, b), ATZZ(46, 6), OTRZ146, 6),4 I3TTT(46, 6),

6; SRR(46, 61o rSZ( 4 ., 6), AR7.Z(4b, 6),6 HSTT146, 61CumAMUN /CCAP3/ TO (24946), TPH (24,46), TRfl424t46)vIT? (?4t461# TZH (24*46), T?014(?4p4h)t2 SP(46), SZ(461# TSR(46)t TSZ(461, !At(?,4 6 1# SPTM(i),

f- RHUCG(2),p HLTf?), TWIVU(2, Yr(2zfiUT(2t!lt V(*Uh(?),
CO7MMt7N /ICCMI/ IPTA(24t4b)
CCMMON /JCCbI2/ IPTBI46t 6)
C0'4MUN /!CCM3/ (S) P(Z1, JM(2), KM2), (Mfl,I ~vTI *02 DON MX lfR, IYI MAP,Nr,KTf1',KMN*KPX
KSTRTaKLST4I
00 300 KzKSTRTKEVC
rau 300 JIl,Jtl
elI(K,JlzPZ(K,J) + DELZ

'A(r RLH(K,J) 2RZH(KtJ) t.M7
R~ETUJRN
END(
SU8!RO#JTINE FeR4C (K9,Su-S, IPTKUJX,,I,RH,IH,RrtqZ)HTRT7TPI,TT#

I SRQ,Siil,SPZ ,STTtP,JLST)
IMIPLICIT RFAL*q AH: l7,) TNTFGER (1-Nj)
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I RIKUXtl)t Z(KUX,13, R$IXI), ZH(KUX. Il, ROH(KVXtI3,
t 2 ZON(KLX*Ilv TRR4(KUiX91J TZZ(KUX913, TRZ(KUX#1), TTT(KJE.3.3,

3 SRR(KUfl,1)v SZZIKtUXt1), SRZ(KtiX#1)t STT(KtJXvl)t P(KIIXYl)
COMMON /CCP3/ TR 12494619 TRH (24#46), T~fl)(24,46)t
I Tf (249461t TiN 1?4#46)t TZDH(?4t46)t
2 SR(46)9 SZ(46)9 ISR(461, TSZ(46)9 ZMf2,46)9 SPT105),
4 AIf2), A2(2)t A3123, A4(2)t ALFN(?Ii Ar4AM()t A14)(2)t AN1117)t
S SKtU), CAPE(219 COU1(2), ORIZ)t '!)Z(21# RADI 23, QIf(Z),, RonT(2),
6 RHiJG12)v RHLT(2)t TWPLJ(2)t YTI 2), ZOUT(2b ZV(219 VCnN(Z)t
7 CQQTNCThflnTIWOTMINsZOINTTY'4ECHEKOFACTR
CaM40aN /ICC'03/ TSHP1219 JM(21, K14(21# 141)
I lk1 NICTI,10T2,IOFNTMAXIPRNTICYCLIMAPNTTKINTKNKMX

KCOL=9(
IF fKC0L*ECoI) RETURN
00 102 J*2- JLST
SIRsTRZ(VKJ)
IF 4 DABS (imi? -SPS I 3t'293009300

? 1IPx IPT19Kj)

JPI*J+l
IPLaJP?(KKtJNI)
IF (I(IP.GT.Il).ANO.(IP.LT.21)$))R~t(IPLoGT.13).ANPl.(IPL.LT.2O)
I Gi)Tn 302

WRITE (NPR#I(.41 XKJ
100 FDiRAAT (11-09 0**** SIIFAR FPACTIORE ** AT KueI5,kXqIJz',fT/)

TR (KCLL,J I a R (VKJ
TZ (KCCL*J ) a Z (KKJ
TRHI (KrLJ ) x RH (KK,J
T/H (KCCL,J ) ZH (KKtJ

rTRt)IIKCLLJ ) qflH(3 K,jI
TZ')(KC'CL 9J ) ZOHIVKJ
IF (LP.EC.C) GO TO I~
IF £IP.EC.I3 Ga TO I
IF IIP*FC.7) G'C TL 7
kiu TO) 3#12
IPT(KKtJl 14
IPT(KKJPI)z I
GJ tU 330

1 IPT(KK*J3alS
IPT(KKtJP13Z2?
Go TO 330
SIPTIK(,J3zlh

IPT(IKtJF1):?3
31' CONTINUF

DO) 3OC' 11a1,2
JJ2Jj 1-1
KM1xKK-I
KM IN 12KM
J41xjJ-1

TZZWzTZZ(KKoJJ 3
TRZWsTRf(KKX,JJ)
TTTw=TTTfKKJJ 3
jpIpr (xK,jj)
RlTA (KKJJ)
IV-TZ( (KvJJ)
IPi6F*IPT(KK-I *JJI
IF ((IPLFF.GTl").AN(),IIPLFr.I.T.?3)I Y)o TO 51^1
",c TO 51C2
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ii51,11 Z2r-TZ IKK- ItJJ)
R2z rR(KK- I JJ)
Gu TU S1C3

51? 12= (KK-IJ J)
512v?1KK-1vJJ)

5tr3 CONTINtoF
IPR=IPT(K'1,J1)
IF (fIPR.GT,13).Ahn.fIPR.LT.20)) Gd TU jo'lq
GO TO 5C18

5014 BZ- TZ(K9'IN1,J41)

G;U To 5n'

5020 IPR=IPTf9K#JK1)
IF (IRG.3.M.!RL?) Gil Tn 5P21

'iC2l Z4=TZ(KJJ-11
R4=TR (KKJJ-1)
R) TO) 5023

5)22 Z41(I(KKJPI)
R42R(KKgJMI)

5'!21 r.ONTINUF
CALL FRFESL (tiIR1,Z1Q?,Z2tR3,Z3,R4,oZ4,TRRWTZZWTTZW,TTtWS~pw,
1 ZZh'qSPZ1%vSTTWeKK, IP, PM)
TR R (K K ,J )zTRP W
TIZ(KKtJJ)=TZZW
TRZ(KKvjjk=TRZW
TTTIKK,JJ)zTTTW
P(KK,JJ)zPt%
SR'(KJJ)=SR~k
SZZfKKJJ)zSZZA
SRZIKKtJJ)=SPZ4i
STT( KK,.jJ) =STTd

31)(-. CVNT INUE
302 C114TINUF

RF TUR N
FN')
S9BRCW~INE FRACTN ( TRQT?Z,TOZTTTKKlIXR,ZRHtZH,flOHZ)Hjl,
1TSTR#SRRgcZZ,5I1,SrTpP9JPT)

I R(KL)tJXI 1)t ?KUX, 11 it H(KIIX, 1),9 ZHfK'jXt I),I RmiKItJX, I),

I SR(KU)Ct I ) ZNKIJX,I) t S114(IUX,!) t STT(?i)Xol ) , 'P(KOW(,
CLOMVfN /CCI'3/ IQ (24,46), TRH (24t46), rpR DH(Z4 94A),t

1? (24,46), TZH (?4946)t T7'11t24,4h1,
2 SR(46)t SZI46), TSR(46)9 TSZ(46), ZM(2,46)t SPTM(5),

4 AIM?, A2(2)# Alf?), A4(?)t ALFN(?) AMAT112, Ami'f?, A*41II?)#

6 R110G2), PI-CT(2), rw'o(a2), YT(2) ZnOT(2), ZI( ?), vrooN(')t
7 CQ 0 Tht~r H,flTH AtTMI K VNTmvHKtAT
NPR= 6
KPI=K+I
00 3 % C J z2, JI
ST R=rR P (KtJ )
STZ=TZI(K ,J)
S TR Z TA 7 X, J
FC0N=0.5*(STR+STZ I
TrUN=' .5 (STZ7- STP)
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IF (OeS(TCONI) 4'19~4309424
42q SgCxSTRZ/7CCN

PtilsOATAN(SOC)
GO TO 431

4311 PHIZO0.
4.31 ALPNA-uOSIK(Phil)

BETAzOccs(PIt)
TZZP-ECCK*TCON*ffTA i-STRZ*ALPIIA
TRRP=-TZZP+STZ*STR
PI4Ia90.C0*PHI/3. 14l5928
IF (TZ?,P-TRRP) 3C2,30~3o3n3

302 IF(TPRP) ?12,312,014
314 TNS=TPRP

GO TO 322
3^4 IF ITZZP) 312,312,3?.
1?4 TNS=TZZP

GoJ TO 322
321? I9:(TNS-7S7RJ 312,3?6,326
??h JMI=i-l
37n~ WRITE (KPRqI'%) K,J,PHI
I'~ FUR 4T( 1Ing I****SPALL**$P*AT K2' 915,5Xt'J" 1591 NLF-'FRt.2)

TRR( (Kj) &C.e
TZZ(KJ jat.*'
TRZCK,J)zO.O
Pw=-TTT(KJ)/3.'
P(KtJ )=PI
SRR(K,J)~m.l
STT(KoJ~a-?.C'*Pw
SRZ( K, J ) O .

TPR(KP19J)z0.O

PW=-T7T(X,J)/I.O
P( KPI ,J) PW
SW4R(KI 91J I PW

SZZ(KPI,Jz=P%

STT (KP19J )=-2.n'pw

Zt=Z (K 9JP I)
V Rr]=RlKPl,J)

RA=R(K-19JP1 I
ZBrZ(K-1 ,J)

ZC=1( K,J)
.AC=R(KtJ I
IP=22
TRRwzTPR(KJP1I
TZZw=TZl(K,JP1 3
TRZw=TRZ(gt JPI)
TTToo1 T7 (KtJP I)
CALL FRFESU (1 9R, 09RA , ZARHIZBiPC, U, TPRW9 TZ IwtTRW,TrTTW,
I SRRW, SZZ%,SR7htSTTW,K ,1o,PW)
TRR(KJP1)=TRRW
TlL(K,JP1 I=TlZW
rRI(K,JPI)=TPlw
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TTt(KtJPIItw
P(K#JPtluPW
SRR(KtJPI)aSPRw
SZ(KtJPIIzSZlw
SRL (K. JPI' *SRZW
STT(KJP1 )=STTW

* IPT(KtJMl~slR
JP1-J+1
IPT (K, JPI)=22
IP1IIPT(KPI*J)
IF (IPI..FQ.22) IPTIKP1931=20
TR(KtJlz20
TZIK#J 3=Z(KtJl
rRH(KJ)*RH(KtJJ
TZX(KJ~zZH(KvJ)
TRnH(K,JlazROHfK,j

TZON(KgJ)zZOH(Ktjl

TZ(K,JPM1)zZ(K,JM1I)
TRH( K,JPIJRH(KJ141)

TROFI(KJt'I=RCH(KJMLI
TZ DH( Kvjpoi)xzH( K ,JAM

31? CoNTINUE
I C" CJ;4T I JE

RETURN

SUg3ROUTIIKF GUTT (1IR ,P T tR t Iv AH 7H tRn H ,ZD0H ,T R R vT ZZ T R I T T S R R
'Z?, SRZ,STT,A,V,P,KtIX,KMINKMIAX,JMAXI

IM~PLICIT RFAL*8 (A-Htfl-ZpS)t IWTG R (1-NI
CO1MMON /CC?l TR (74#461# TPH (?4#46)9 TI~nH(24,46).

I.T7 (24t4ebI, TZH (24,46), TZDH(24,461,92 SR(46)t SZ(46), TSQ(46), rSZ(46), ZM(2,46), SDrM(519

9 BK(2), CAPWUI, cnOT(?I, ORM2, WZ(2), RAOM?, RHEM21, RnOT(2).
6 RHflG(2), p.Hr,(2I, TWOUM2, VT(21, znlT(21, MV21, VrUN(ZI,
7 CQDTN,CTI-,bfHW,D)TMINZfl1NTTVS4F,CHFKO,FACTR
CUM.4UN /ICLP3/ ISHP(2), JM('2), K4(21, M*

* I IR'NtinT1,1DT2,IDFNT,1A4AXIPRNT,ICYCt,[mAPp4TT,K[ 'TKM4N,KMX
DI 4FINS ION
1 IPT(KUXt1I,
I R(KUIX91), RH(KUX,1I, R0H(KUX,1Il
2 Z(K'IX, I ), ZH(KUX,I1) , InfH(KIIX, I I,
I TRR iKU~lJI, TIZ (KIJX,1I, TRI(KIJXr1I, TTT(K~t,1,

5 A(KIJX,1), V(KUXt1I, P(I(IIXII)
NPR=6

c INITIALISE TC Zf-PC VARIMIS VAR!ABLFS

C
TRRA =C.0
TRR9F zC.C
rRRr=O.'
TRRDzO .0
TZIA=-Q.f
TZBzn.C-
1zIc=0.o
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rR Z f=o.0

TRQZD =0 *C
AC U1AC . f
ACd~iB?.tC .#
iCfNC=C rd

ACUN~zC *(

BCONC= 1
'I 3Nn)0.C

PCIINC:rC 
PCOND=r *r
!12=0.0
723=u.C
Z34=0."
141 z0. 0
P12=t'.t

flfl W0(1 K= KmINKMAX

KtIA a K-I
KPLSI c (#'

K1= KIWINI
KC1JRm Of
'(P1 KPLSI

J41. z J-1

10 z fPh(9,j)

I1 TTA=')

IT'1:C
I TC r)=
ITrZA
IT =

1 13)4 r')CC4,%nr7,9(%f4 f g;04, 1011.7 C'A2 1 P
9" 1 1 RI - R&(KPI,J)

GoL Tu SC(
5(: IPt4.zPT0(PvJ)

I I( IPR.GT.13).Aklf.( IPP.LT.?(-) GO TO ';''
Gil TO) 5'1"

Sn 1= TRIKPLSI,Jl
LI T7HKPLSI ,J)
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12 Z(ICCUR#JPIII 57e IPR alP T (9KJPI I
IF M(PR.GT,I1).ANO.UPR.LT.2lh) 60 TO 5227
GO TO 50CS

5727 R2aTq(K*JPL)
1UuTI(K*JPII

C A OTIN~UF

I Tfl 07SCI007,075010,0757,0osnton,0,

Sf'? Ii'=L(KM1J

506 F UIKPR.T.131.ANfl.(KPRT.20fl GO TO Sol

5^4CuINTINUF

51 501,51,0hO1,O1,O45O1wl1,O1,OlOl

SO IA R4 3R(KCLJ)
Z4 = Z(KI9J1
GO TO 5010

SC' IPzITI(K,J)f

5'1^. CUINTINUF

S)'I If RI(v-l ACJ 4'3,C
4'1IF MPR-KNINI .A.'',v T, 21'lG ur

1'12 4 = (KCL'IJ)1

S't4 Ci.4TINUr.

40 I ITFA=1KIN

V13UP TO I E

ITB:1

(a( ro I0?

G! ru0io

4 LUS1l
IT4=1
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LTIAZL
GU TU 702?

S ITAzi

IT IC* Il
GO TO ?C4

6ITfl-j
I TdCm2
ijO TO 7C4
7ITR'i

I TC al
ITOAs I
GO TO 7r,

SITCzL
I VWti I
Goj TO 7CI

q~ Itsal
ITC-1

IT04al
GU Ta 7114

I TU.4= I

of) Tr) I('

Go To I

ITA~1

ITSIl
:,J TiJ "2

14 Cu NT I K 1)

I S C CNI INU F
GI IfIu 1 1,

16 r.-1i r INU

r'IN INUJE
';( TO 3'"

1" (ONT INLE

IC U T I NIF
GO) TO R8

20 U(NTINUF
rGu To I

;I rJNT INUF
G." TO 7

2? CArNTINL.F
iGu ro I

73 W-iTINUF

e 4 CUJNT 164IF
I TH~I

11) TO 7C.?
19 [TA~1

IT'A'I
Go To V'2
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f26 CN U
G4u TO 24

77 CONTINUF
00 TO 3000
GU tor71!

I TtJC* 3

ft41 aR4-Fi
TRRO a TORA

TRZ!3 a IPZA
PCLI'vrN PCCKA
AC00 CA ch

ac Mo HCCKNA
IF 1LrCC.EW41 Gl Tfl 712
IF (Itnrf-21 306,3t3vlC6

3 IF (11CC-li 743,7l1OC3
Tr,.' 1343-Z4

R34=RI-P4
TRsqC a YRRn

TIMC a TZZ8

TZC aYO

7 Z2=Ja12Z

TRi a TR(P,JPI

1'Ztl a TIP(KI,.jli
TRZRAa TpZ(KP1,jp1,
AN a A (KCP3,JPI

.IAMASS a N/m(,jpIl
PCO48 9 AH-CI? *a:4/ VK1,JP
ACO-4 RAMASS A/MnJ1

PC122 RI..p *Nvp1JI

31 Aa TRZAAMAS'sol

3 P~ FC IP.T.7 *U Tlr *N/ V(X1b pl
%;. To 31
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c EQIJAT I~hS OF MOTION
c
C o**

S01r, ZN=Z(KCURoJI
RNs RIKCLRtJ)
RO$FuROINKCUR*J)
ZD'4PalflI(KC'J )
GJ TO 5it7

56ZNuTZ(KtJl

RAb1FTROI4(J)

lOI'FxTZCr ( J)I

Poits (ITA*PCONA'. + 1T13*PCON.1R + ITC*PCONC + JTn.PCJN)*I.'f-l)0/4,.e

ALFAsO.O

GU ToI 318

ALFAx TCC *(ITA*AClA'NA + tTl-*ACG.N9 + ITC*ACONC + ITn*ACONOI
BETAx TCCN*tlA*SCONA + IT9e8CON + ITC*SC04C + !1fPe8CUt)
RnNHIS AM-F + 07CCN*(!TA*(TRRA*Z12-ftR7A*Rt2) + ITR*tTaPB*?23
1 -T*ZI4bR23) # ITC*(TRRC*!14.TRZC*R34) + Toa(TRRD*Z41-TQZID*

2 041)) + I)TN~f)FTA
RflEFa CI*H
RNW aRN*RDtF
IF fl8IO)-.ro 3t6,31f,,317

217 g~ti a I Ph"RN II.
j~p Zt)4Hx Inl- -PZOC!4*(ITA*fTZZA*R12-TRZA*Z.'I + IT14*(TZZ9R*(03

I -TQZB'l73) + ITr*(tZZC*R34-TPZC*Z341 + ITD*(TZlflOg41-TRzn*
P Z4111 + fCTN*ALFA

ZDEF alrhH*flTi
IAsZ N.7CFF

IF V)RQF)I0),7 314#3199320
31; V4 a IN
1" iNH 8 4AN *ZN4)/Z.01

IF (ITC) 372,121.3!?
3:11 Pg.4ju'*

GO TO 0,49

C N04 iTiP STRaESSES ARE CrP4PIITrIr

3e., 11a lN4W

IF ((I#1F.-GT.11 ).ANO*(!PLP2FLT.?f')) GU TO Sl"I

51-1 Z?&TSZI.J)
ct2xrSRIJ)
RH2xTRUi(KP1 9j)
Zn?atlh(KI*J)

AD)H2*?ark~fxt'1J) tOT gERODUCIBLE
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R2=SRIJ I
RH42aRI(Ki'I J
Zh2xUZI(K P I* J
ROH?*ROI14K141J)
ZOH2xZnfHKIv J)

51 IV CJNT 1NUF
IPRxIPT(KPIJU1 )
IF (( IPAR.CT.131, ANNL.PR*LT.Zi) fz TO 51) 1q
GUJ TIJ 5Ol1

50Iq Z3 a M90thitJio3
R3 TR(KV!INL,JPt)

ZH4aZ-TZHI(MINI,J41)

li0H13 zZOnKH -T~flH(KMIN1,Jf4I)
Rnl"13 a ONH -''OH(R(4NI,J4I)

R3uR(KMI*JmI )
ZHIi3 zMNI - ZH-KI4IJMI)
Q,11, *P.I- - PP(XP1.J41)

'RDH13xpfnko- -RIK141,JMI)

IF UI .G. .M(I'.t'")GO TOJ 5021

GfO rf 5 2 1

R4zrSq(JMI)
"H4? TZH(KjQU -Z)47
Rt14? 2 TRIHK,JAI I -P-.2

RLH2= T~rH(K,,IMI ) - RI)H2
ZH22 llr)H-(KJmll - 711

GJ TIO 5023
1*?? 14 SNVJAI)

1H42 sN~g(CUQ,J4I).R42

Zillj47:!tj-(KCllR,14Iq) - ZflR2
'RDs442xRO14 KCUQ,lI~t) - IH

SC.'3 Cfl'YTINUF
r~

CnmPUTE IHF APPA AM HELATI VP VfltVAIF ')' kWIIA

r f*
AN= A(l(IR,J)
VNz V(KCLiJJ)
L'42zZ4-Z2
R42zR4-R?
A1A =1.C*(74*1P1.E2)-ll*R42+7?*(R4-RI3)
A234Cf.*(Z4*H7R)Z*(P3-1-.)+13*R4?)
AW=4124+0234
Ali=Im. * (AW+AN)
VWzPHJT(IJ (R 4(),i 2+A4I ,I,+~)311[4J

DEL VVz(VlIVN)/V11

IF (jABS( rFLVV 3-1.0[!-C?7) 3,' 1t V3, 314

C

C (Cj4PtTF IHP STR ~! t li'C.RFM'F-%TS
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324 ECIJN a'2.~FlTHIAH
FUNt a FCCN * (7')H42*RHI$ - RH4*Z70113)
FRRH a-ECCN * I~flI42*1H13 - 1t442*Rf)H13)
ENIHt x ECCN *(Ri~t4*RHIII-RH4*RfH13-ZDH42*ZH13#ZDtil3*ZH42)

EtHa nflLVV-EtUH-FRfRH
sc(.ic. s a tV 14

SltR4 * SZL(90C'JR,)

SMV4 * RZfKCI#tJ$
ALFA a C.lt*ECON%*(PI)H*Z*RH13-PN42R)H4!ILfl42*ZH3l,442*Zl13I
META v ' ISZ*tF

C, CU.4PIJTE KFVh ST4FSS flEVIATCRS

SIN * SZZtK + TWM(t)*(EZZH-SCLWc)+frTA
5SR#E a SRaN + tW!t~)(RH-.f'C-ET
SPRlW s SPZNi #'A9'f *EgRH + (!PPN4-S11Nl*ALFA
STTW s SyT(KC,,QtJ)+ TW49I(I8)*EFTTll-SC.1NC)

c

CJMPI)IF INE ARTIFICIAL VISCCSITY TICRMS

IF IflELV'V) 326#1259325
37q QQNH a * e

Gn TO] 327
37s. V,)JV a rFlLV%?/()Tti

&QQWdei a (AI1*PH-) ( I )/Vh) *( CQ*VnOfV I** 2

C Uir. TtiE Elt.ArtVN Cf STA1c Tl CflmpWtoE THE PRcSSlRr INCIR'4FNT

'I flL' x -PV(T1i)*fFLVV
P14 a P(KClJR tJ I *DFLP

C VTAL STRFSSES. AI1C CrMP,.TFD NFXT

TIAa SIZh-PW-CcNh
TPWa SP-P-02k*1

TRZW u SRlh
TTT4 a SThl-Ph-V.CNH

C 0**.

r

C CALL TiEFR~Fr (;1RIF #Rt~t3R4'T I T) 4tJTTHE STZES t LIPSrW

C
12 (, .*t4+OW

TCLz ~rFS*I Il 41 P) 0~Z,4,4TPZ.WTZTW

I S SZ~,~P~,~T~d ,,I ,62



IF (OASTCCN)l A21t,13A93?q
3?q PIII=DAT.PK(TRZw/TrN)

Go Tu M3

331 ALFA sDSINIPHII
BECTA SCS(PI
1111, s ECCh * TCON,*OFTA *rR 7W*AI FA

a~P -TZIP +T7?ti + TRRW

r,

c HC C IEAF ST.nhnIY

C

31? RR ,3 a fP1-I-1)0*7 *U1-131*v?
q'R242 P'2*R4? + 14'$*4?
IF (PRR3 - R74) 3340331034

V..u Tu 315

33q C4E KI a ( nF LP / C III * rh'A CTP
P~q CiJNTI'tibF

111 IF (K-1(MIy347#137t33q
ill IF fJ-)I36,'2  q1'l34
isA KTvK

DT HIWw Cf- F C
14c IF (CHiFv~lr)THW.) 34"9441%#34.!
10' KTxK

jTzj

34' I (J-11 36,4943,Or,-,
141 IF ( IR-! 1t, 44 # 40
4 . I I (K-K(IVIN) 14 14;,1(

r

r ***t,

4RI T F (NPQ 1011 1 f YCL 9,TV4 c, WF K v1 tT H, n TA, I R T, T, jT

14 " IF (K-?) '4,o 3441411

O.()

TRZ. C.0

C
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35e~ WRITE (NPRtI't3l J 9ZN R4W *Tl UWTRRW 9TRZWtTTTW #T UP 9TRR09PHI

C TRA4SFER CATA (GEOMETRIC) OF K'-1 POINTS FROM TCMOORARY STORAGE
C TO PERMANENT STORACE

C
351 IF (K-la 353935393S2
35?' IF ((P.61.73) GL TU 6C'11

IF ((1PoCT.I3I,ANl(IP.T.ZV1)) GO TO 6002
R(KfI ,J)*SP(J)

ZIKIJ)ph (J

Sl(J)zLNik
IF (IIPLEF.G;T.13).Adf.(IPLFF.IT.?A)I GO' TO W~3
G11 TO 400O9

6 11 1IF ( (I PLFFG T 9 3) 9ANl.I PL F aL T 92(l I G1 T.1 6!1'%4
Gfu TO bri

TZ(Kt41 1J)z157( J)
hoa rsR(J)*RfNW

Al4 TO 6(,C9
hOO? IF ((IPLEF.GT.13).ANfl.UPLEFFLTZri GO TO dit-m

6 Lf T'EPzR (t1qJ)

6(77 P (K.41,9J) sSR fJ)
Z(KIV 1J)zS!fjl

133 SR(J)ZPMl%

600~ TR(KfwlJ)tSR(J)

hCrq CONTINUF
IF (1%P.i.23) Ur Tnl 5IN26

R~~h(KCUP 9 j ):=fNh
?lH(KCIJR,J) =7rNH4
r~t To 5S:27

TROH(KJ) x Pfl)'01
TZDHfKoJ)v l

IF (LTC-I)3)' '54,l~"A

P (KC! JRJ I=PW

SZI(KCLF ,J)zSRRti l Ri R DU I L
SRR(KCU9~,J).3'RP %

I RR ('CUR PJ) 2 TR Ri

TTT('(CURtJ)=TTri%
IF ( IP. rl .?-4 Cr TO 300O
IF U IP.CT0 I 1).ANO).EIP.LY.?YI) 60O TO 5030)
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GO 701 ItCP

Ga Tu 50C31
3'~ co i IINUF

IC.ALL FRACIKMI, S,IPTKUXgQtlR~~l,4H, )H. UHT2R, T71,T47,TTT,
2 s~p~,s?7,5'Ql,3qpv 100(t))

IF( PEQt CAL I FRACYN TRTzr.r,,Ix,7,4il'h,9,
1J4(1,(l) rV. SP1 S7',SRU.,TTPvIPT)

-:3"') CI14T INfjF

C Til S I S T14E F 41 CF THE K-ILUP
C

f toW K IS~ FCLAJI VL K,41x

7(k. JC W,9) ZVIf J)
PI(sC:J.4qJ1 zSr<( 1)
f;J TO I '1'2 #A ?4 ) t

')'' TL'Q4AX,J) = 1,1(j)
rJ( 4A x9J I =T it' I

ir fI1.CC . II
1C ALI. FIRAC (ox.~ EilSi 91T1,JX # H7p(1tIkTO r I Try,

J) jJ z j 1

rI r IF

' L) F I.z N = " i 4 ,7H , t 29 4

T-I ittl~cI I

Q; - v

S tszi~T NF FRr7sjI A91(19! , A 1 1jwr ,I6,5w

It R A9S 6 S 4tSTT401 94



szzwupw
GU T'J 1

7 ZIzZo

R2uRc
C*) TO 3C0

I" IF flI.EC.?I.ANfl.(IR.FQ.1)) GO TO i

R1r.RO
R2*RA
Z2=ZA
R2=gRA
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